Age and stroke severity are the main mortality predictors after ischemic stroke. However, chronological age and biological age are not exactly concordant. Age-related changes in DNA methylation in multiple CpG sites across the genome can be used to estimate biological age, which is influenced by lifestyle, environmental factors, and genetic variation. We analyzed the impact of biological age on 3-month mortality in ischemic stroke. We assessed 594 patients with acute ischemic stroke in a cohort from Hospital del Mar (Barcelona) and validated the results in an independent cohort. Demographic and clinical data, including chronological age, vascular risk factors, initial stroke severity (NIHSS score), recanalization treatment, and previous modified Rankin scale were registered. Biological age was estimated with an algorithm based on DNA methylation in 71 CpGs. Biological age was predictive of 3-month mortality (p = 0.041; OR = 1.05, 95% CI 1.00-1.10), independently of NIHSS score, chronological age, TOAST, vascular risk factors, and blood cell composition. Stratified by TOAST classification, biological age was associated with mortality only in large-artery atherosclerosis etiology (p = 0.004; OR = 1.14, 95% CI 1.04-1.25). As estimated by DNA methylation, biological age is an independent predictor of 3-month mortality in ischemic stroke regardless of chronological age, NIHSS, previous modified Rankin scale, and vascular risk factors.
(TOAST,trial of ORG 10172 in acute stroke treatment classification). No statistical differences were observed for hypertension and diabetes mellitus. Logistic multivariate regression analysis of mortality at 3 months after IS (Table 3 ) consisted of three models. Model 1 was fully adjusted, including all 11 variables from the bivariate analysis (above), and the Nagelkerke-adjusted R-squared had an explanatory power of 0.501. There was an independent association between b-Age and mortality [p = 0.037; odds ratio (OR) = 1.06 (95% CI: 1.00-1.11)], nullifying c-Age (p = 0.644). For model 2, a stepwise regression model, the explanatory power of R-squared was 0.493. The most efficient model included b-Age, previous mRS, initial NIHSS, and IS etiology. In this model, b-Age was statistically associated with mortality [p = 0.001; OR = 1.06 (95% CI: 1.02-1.10)], independently of initial NIHSS [p < 0.001; OR = 1.18 (95% CI 1.13-1.24)], previous functional condition (mRS) [p = 0.003; OR = 1.37 (95% CI: 1.11-1.68)], and TOAST (p = 0.015), (Fig. 1 ). Small-vessel disease (SVD) etiology remained as a protective factor against mortality [p = 0.020; OR = 0.09 (95% CI: 0.01-0.68], taking as reference large-artery atherosclerosis (LAA). Given that age-related changes in blood cell composition are well documented, model 3 was further adjusted by blood cell proportions; b-Age remained statistically significant.
The results were successfully validated in a replication cohort (VH) with a 3-month mortality of 17.6% (N = 15). The b-Age estimates also had a strong positive correlation with c-Age (r = 0.77). Demographics characteristic of the VH cohort are summarized in Table 1 and Supplemental Table S1 . Its limited sample size restricted the number of variables used to adjust the analysis. Model 1 was adjusted by b-Age, c-Age, sex, initial NIHSS, and recanalization treatment; R-squared was 0.441. Again, b-Age was associated with mortality [p = 0.045; OR = 1.14 (95% CI: 1.00-1.29)], nullifying c-Age (p = 0.424); initial NIHSS was the most significant variable [p = 0.013; OR 1.22 (95% CI: 1.04-1.43)]. Recanalization treatment and sex were not significant. At 3 months, b-Age was an independent predictor of mortality after an IS.
It is known that mortality is mostly associated with LAA and cardioembolic (CE) etiologies; single-vessel disease (SVD) is associated with less severe strokes (Table 3) . Moreover, the mortality influence of c-Age may differ depending on stroke subtype. For this reason, we also stratified the discovery data by IS etiology. Bivariate analysis of IS mortality at 3 months, stratified by TOAST, is summarized in Supplemental Table S2 . Blood cell estimation: Multivariate logistic regression analysis of 3-month mortality stratified by TOAST is shown in Table 4 . With only one SVD death in the sample, this etiology was not included. For LAA etiology (N = 153), model 1 is the fully adjusted model, including all variables that were statistically significant in the bivariate analysis; the explanatory power of R-squared was 0.373. There was an independent association between b-Age and mortality [p = 0.004; OR = 1.14 (95% CI: 1.04-1.25)], nullifying c-Age (p = 0.342). For model 2, the stepwise regression model, the explanatory power of R-squared was 0.281. The most efficient model included b-Age (p = 0.006; OR = 1.10 (95% CI: 1.03-1.18)] and initial NIHSS [p < 0.001; OR = 1.17 (95% CI: 1.08-1.27)]. After adjusting by blood cell composition, b-Age remained significant in LAA etiology ( Supplemental Table S3 ). For CE etiology (N = 242), the explanatory power of R-squared was 0.427 in model 1; neither b-Age nor c-Age were associated to mortality. In model 2, R-squared was 0.385; the most efficient model included c-Age [p = 0.001; OR = 1.07 (95% CI: 1.03-1.12)] and initial NIHSS [p < 0.001; OR = 1.19 (95% CI: 1.13-1.25)]. However, in model 3, b-Age and c-Age again lost statistical significance ( Fig. 2 , Supplemental Table S3 ). We could not replicate these stratified-by-subtype results because of the limited sample size in the replication cohort.
Discussion
We report that biological aging, an epigenetic biomarker estimated from DNAm values, better predicts mortality at 3 months after an IS event than chronological aging. This association is especially relevant in LAA stroke etiology. Our results are in line with previous studies in different diseases, which have shown that this biomarker predicts mortality independently of health status, lifestyle, and known genetic factors 13, 15 .
Incidence of stroke is strongly correlated with increasing age 16 . In turn, age is a highly significant inverse predictor of functional outcome after IS, independent of stroke severity, characteristics, and complications 17 . Initial NIHSS, a well-validated tool for assessing initial stroke severity, has been postulated as the strongest predictor of mortality and functional outcomes after a stroke, followed by age; the traditional comorbidity index contributed little to the overall model [2] [3] [4] . Our results ratify these reports, as initial NIHSS was the main predictor of IS mortality, followed by b-Age or c-Age, depending on IS etiology and previous functional status.
The b-Age concept has been proposed as a better predictor of lifespan and functional capacity than c-Age alone 11, 12, 18 . In this context, b-Age seems more informative about the basal biological health of individuals. It could echo the burden of exposures (vascular risk factors, lifestyle habits, and environment) and provide an accurate measurement of the impact on the individual of these exposures that influence aging and potential longevity 18 .
Our results, replicated in an independent IS cohort, show that b-Age is an independent predictor of 3-month mortality, even after adjusting by c-Age and traditional vascular risk factors, baseline NIHSS, and blood cell composition. These results are in agreement with previous publications 13,15 on epigenetic age acceleration (AgeAccel), defined as the residual that results from regressing b-Age on c-Age. A positive AgeAccel value indicates that b-Age is higher than expected, based on c-Age 9,10 . In our study, we used the concept of b-Age because it is influenced by and informs both c-Age and AgeAccel.
However, the association between AgeAccel and mortality differs across IS etiology. Previous publications describe a favorable short-term prognosis after SVD, with low levels of 3-month mortality and reduced functional disability on hospital discharge, but also increased mid-and long-term risk of death, stroke recurrence, and dementia 19 . In LAA, initial NIHSS and b-Age are the main predictors of mortality. On the other hand, the role of b-Age as a predictor of mortality in CE stroke is not so clear. In one model, c-Age and initial NIHSS are the better predictors of mortality, but after adjusting by blood cell composition only initial NIHSS and previous mRS remain significantly associated. This may be due to c-Age and b-Age collinearity, as c-Age is highly correlated with blood cell types. These differences between etiologies may be explained by the risk factors associated with each one. The prevalence of standard modifiable cardiovascular risk factors in IS differs by TOAST etiologies: patients with a CE stroke tend to be older than in other IS subtypes, and c-Age impact on outcome is more significant than the burden of vascular risk factors. On the other hand, patients with LAA etiology are younger and have more vascular risk factors (hypertension, diabetes mellitus, obesity, lipid disorders, and smoking) than other subtypes 16, 20, 21 . In a previous publication, we reported that the impact of b-Age is higher in younger people with stroke, possibly due to the accumulation of exposures (vascular risk factors, lifestyle habits, environment) that contribute to epigenetic changes with age, and because older individuals likely reach advanced ages because they have less biological damage 12 .
Early in life, DNA methylation can differ from the mean value because of genetic and environmental factors. However, blood DNA methylation decreases with increasing c-Age 6 . Epigenetic age varies due to clinical and lifestyle parameters: aging accelerates due to factors such as obesity, physical fitness, HIV infection, Parkinson disease and stroke 11, 12, [22] [23] [24] [25] . Thus, one possible explanation for the association of advanced b-Age with increased IS mortality could lie in the accumulation of environmental exposures that may contribute to increased epigenetic changes with age, which accelerate aging. Biological age gathers these effects adding more information about the degree of damage in the organism than the mere chronological-age damage by itself. A more biologically aged individual would have less capacity to confront or to adapt to a serious injury like an acute stroke.
A major strength of the present study is that it evaluated the power of the associations of biological versus chronological age with 3-month IS mortality, and replicated those results in an independent cohort. Some limitations of this novel study should be considered. We measured methylation levels in peripheral blood-cell DNA; for some CpGs, the methylation is tissue-specific 26 . Therefore, we could have lost signals by not choosing tissues where epigenetic age may have greater repercussions on stroke outcome and mortality at 3 months, which would be the ideal situation. However, methylation patterning of whole blood has been described as a good approximation to the target tissue that is to be studied, since it has shown a good correlation with the methylation pattern of other tissues 6, 27, 28 . In the case of atherosclerosis, previous epigenetic studies carried out in peripheral blood samples and in aorta tissue showed a consistent direction of their associations in epigenome wide association studies (EWAS) [29] [30] [31] [32] . In addition, b-Age predictor used is based on whole blood DNA, being the most efficient tissue to estimate b-Age 9 . In this cross-sectional study, we cannot establish the causality of biological aging, but we can use these findings as potential biomarkers of IS mortality. Finally, the association of biological aging in LAA with mortality must still be replicated.
In conclusion, biological age better predicts IS mortality at 3 months than chronological age, particularly in LAA stroke etiology. Epigenetic age could be considered a useful biomarker to predict the risk of mortality after a stroke.
Materials and Methods
Study Participants. The study included a prospective cohort of Caucasian IS patients from Hospital del Mar in Barcelona, Spain, analyzed retrospectively, recruited from 2009 to 2013 (BASICMAR) 33, 34 . The replication cohort was provided by Vall d'Hebron (VH). Inclusion criteria for both cohorts were as follows: (1) brain imaging with computed tomography(CT) and magnetic resonance imaging (MRI) in the acute phase, (2) clinical data supporting the assigned stroke subtype according to TOAST classification 35 and (3) absence of intracranial hemorrhage, neoplasms, demyelinating and autoimmune diseases, and vasculitis. All patients were assessed and classified by a neurologist and were included in the study by consecutive order of recruitment.
The study was approved by the ethics committees (CEIC) of Parc de Salut Mar and Vall d'Hebron Hospital, Barcelona. All participants (or their approved proxy) provided written informed consent for participation. The study was conducted according to the principles expressed in the Declaration of Helsinki and relevant national legislation.
Clinical Variables. All patients were evaluated at hospital admission by a neurologist and received a CT or MRI scan in the emergency room. Functional independence previous to IS was recorded as p-mRS score. In the VH replication cohort, functional independence was classified as a categorical variable, independent (p-mRS ≤ 2) or dependent (p-mRS > 2); all patients in the replication cohort were functionally independent previous to IS. Initial severity was evaluated using NIHSS. Recanalization involved tissue plasminogen activator (r-tPA), first 4.5 h, or endovascular treatment. TOAST classification was recorded 35 .
Data on vascular risk factors were obtained from direct interview of the patient, relatives, and caregivers, from medical records, and were recorded as defined in international guidelines, as previously described 34 .
Mortality data were obtained from electronic medical records, hospital admissions records, or by telephone contact with primary care physicians or family members.
Array-based DNA Methylation Analysis with Infinium Human Methylation 450 k. DNA sam-
ples were extracted from whole peripheral blood collected in 10 mL EDTA tubes at hospital arrival, in the acute phase of the stroke (maximum within 12 hours of symptoms onset). Genome-wide DNAm was assessed using the Illumina Human Methylation 450 Beadchip (Illumina Netherlands, Eindhoven, Netherlands), following the manufacturer protocol. All these processes were done at Progenika Biopharma (Bizkaia, Spain).
Data were pre-processed using standardized pipelines 36, 37 . Sample and CpG quality controls and the statistical analysis were performed as described in Soriano-Tarraga et al. 34 . We used a previously published Houseman algorithm to infer white blood cell counts from DNAm data 10, 38 . Biological Age and Epigenetic Clock. Biological age was calculated using the DNAm levels of whole-blood DNA. We chose the Hannum method because it better estimated age from whole blood, as we previously reported 12 . This method is based on 71 methylation probes from the Illumina 450 K Methylation array, derived as the best predictors of b-Age using data generated from whole blood 9 . The sum of the beta values multiplied by the reported effect sizes for the Hannum predictor yielded b-Age.
The concept of age acceleration (AgeAccel) is defined as the residuals from the linear regression of DNAm age on chronological age in control samples 15 . This variable, AgeAccel, was not correlated with c-Age and takes on a positive value for samples whose DNAm age is higher than expected. Additionally, we adjusted AgeAccel by sex, p-mRs, NIHSS and TOAST (defined as the residuals from the linear regression of DNAm age on c-Age in control samples, sex, p-mRs, NIHSS, and TOAST) to illustrate graphically the results of the statistic models.
Statistical Analysis. Continuous variables are presented as means and standard deviation (SD) or medians and interquartile ranges (IQR), and categorical variables as absolute values and percentages. For the bivariate analyses, baseline characteristics of IS and 3-month mortality were compared using Student t-test for continuous variables and χ2 test for categorical variables.
Three-month mortality was analyzed by multivariate logistic regression. Three statistical models were used in the discovery cohort. Model 1, the full model, was adjusted for the characteristics that were most representative and statistically associated (p ≤ 0.05) with mortality. Model 2 was the most efficient model, selected by stepwise regression. Model 3 (sensitivity analysis) was further adjusted by blood cell composition 10, 38 . Using these models, we also stratified by TOAST classification. Calibration of the multivariate logistic models was assessed with the Hosmer-Lemeshow test. A high p-value indicates a good fit for the model.
All statistical analysis was performed using R statistical package, version 3.2 39 , STATA, and SPSS version 18.0. All analysis was two-tailed. Statistical significance was set at a p-value of 0.05.
